Background: Neonatal 6-n-propyl-2-thiouracil (PTU) exposure to male rats is reported to impair liver function in adulthood. However, the mechanism by which the drug impairs liver function is not well known. Objectives: The objectives of the study were to investigate the effects of neonatal exposure of PTU on the expression of DNA methyltransferases (DNMTs), methyl-DNA binding proteins (MBDs), Gadd45a, p53, and proliferating cell nuclear antigen (PCNA) in adult rat liver. Methods: The effects of neonatal transient (from birth to 30 days of age) and persistent (from birth to 90 days of age) treatment of PTU on DNA damage and on the expression of p53, PCNA, DNMTs, and MBDs were investigated at transcriptional and translational levels in male adult liver. Results: Persistent exposure to PTU from birth caused significant downregulation of expression of DNMT1 and DNMT3a and upregulation of DNMT3b, MBD4, and Gadd45a without any damage to DNA. Although MeCp2 transcripts were significantly low in the liver of adult rats after persistent exposure to PTU compared to controls, its translated products were significantly higher than in controls. The expression of p53 and PCNA in PTU-treated rats was significantly higher and lower, respectively, than that in control rats. Conclusion: The results suggest that neonatal exposure of male rats to PTU resulted in alteration in the expression of proteins that are associated with DNA methylation and genome stabilization in adult rat liver.
Introduction
Clinical use of 6-n-propyl-2-thiouracil (PTU), an antithyroid drug, in general and particularly in children is a matter of concern [1, 2] . It has been reported that the interruption of actions of thyroid hormones by anti-thyroid drugs such as methimazole or PTU during the foetal and neonatal period of vertebrates results in impairment of hepatic gene expression in adulthood [3, 4] .
Similarly, p53 protein is known to maintain genome stability in response to diverse stress signals by coordinating specific cellular responses that include cellular activities in cell cycle, DNA repair, and apoptosis [11] .
Our knowledge on PTU-induced changes in the status of proteins associated with DNA methylation and genome stabilization in rat liver during development is very poor. This has prompted us to determine the status of expression of some important proteins associated with DNA methylation (DNMT1, DNMT3a, DNMT3b, MBD4, and MeCP2), genome stabilization (Gadd45a and p53), and cell proliferation (proliferating cell nuclear antigen, PCNA) in the liver of adult male rats in response to neonatal PTU treatment in order to understand the mechanism of its hepatotoxicity.
Materials and Methods

Chemicals and Animals
Chemicals, biochemicals, molecular biology reagents, kits used in the present study, animal maintenance, care, Western blotting, and qPCR have been mentioned earlier in detail [4] . Rabbit poly- 
Experimental Design
In brief, as soon as the pups were born, dams (6-month-old female rats, weighing about 225-250 g) were divided into 2 groups: control mother rats given drinking water and hypothyroid mother rats given 0.05% PTU in drinking water. Hypothyroidism was induced in male neonates by feeding the lactating mothers with 0.05% PTU through the drinking water from the day of parturition until weaning (25 days postpartum), and then directly through drinking water containing 0.05% PTU for the remaining period of experimentation. All pups used in this experiment were male Wistar rats (Rattus norvegicus). The animals were divided into 3 groups each containing 5 male animals.
Group I: control rats (90 days old). Group II: rats were treated with PTU for 90 days after birth. Group III: rats were treated with PTU for 30 days after birth and thereafter the treatment was withdrawn for 60 days. Control and experimental animals were sacrificed on the 91st day of birth.
Tissue Preparation, Western Blotting, RNA Isolation, and cDNA Preparation Tissue preparation, total RNA isolation, cDNA synthesis, and real-time PCR analysis with gene-specific primer using SYBR Green PCR master mix have been described earlier [4] . The primer sequences are presented in Table 1 . All results were normalized with the G3PDH gene (endogenous control). PCR was repeated in 3 replicates for each sample. The expression levels were calculated by the ∆∆CT method [12] .
Western blotting of liver homogenates (20-25 μg) was performed by incubating the PVDF membrane with rabbit polyclonal anti-G3PDH (1: 1,000), anti-DNMT1 (1: 500), anti-DNMT3a (1: 500), anti-DNMT3b (1: 500), anti-MBD4 (1: 500), anti-MeCP2 (1: 500), and Gadd45a (1: 500) followed by HRP-conjugated antirabbit goat IgG (G3PDH -1: 7,500, and DNMT1, DNMT3a, DNMT3b, MBD4, MeCP2, and Gadd45α -1: 5,000) and expressed as previously described [4] .
DNA Fragmentation Assay and Detection of DNA Damage by Alkaline Comet Assay
The DNA fragmentation assay and DNA alkaline comet assay were carried out according to the methods of Perandones et al. [13] and Singh et al. [14] , respectively. Protein content in samples was measured according to Bradford [15] .
Immunohistochemistry
Liver sections were incubated with rabbit polyclonal primary antibodies against DNMT1 (1: 30), DNMT3a (1: 25), DNMT3b (1: 25), MBD4 (1: 25), MeCP2 (1: 25), Gadd45α (1: 25), PCNA (1: 25), and p53 (1: 50) followed by washing, incubating with biotinylated goat anti-rabbit IgG (1: 200) and streptavidin-HRP conjugate (1: 200), and visualized by incubating with 0.5% (w/v) 3,3-diaminobenzidine (DAB) followed by methyl green counter staining [4] .
Labelling Index
Three different sections per animal and 3 animals per experimental group were chosen for positive nuclear immunoreaction counting. Hepatocytes with a distinct nucleus and cell boundary were considered for counting. Counting was done by Q-Capture pro7 image analysis software, and the percentage of positive nuclear immunostaining/mm 2 was quantified.
Statistical Analyses
Data were presented as mean ± SD (n = 5) and were analysed by one-way analysis of variance (ANOVA) followed by the Tukey test to determine the level of significance among the mean values. Band intensities of Western blots and PCR products were quantified using computer-assisted densitometry Image Quant TL, Image Analysis Software v2003.The minimal statistical significance was considered at p ≤ 0.05 levels.
Results
Expression of DNMT1, DNMT3a, and DNMT3b
The expression of mRNA and protein of DNMT1 (Fig. 1a, b) and DNMT3a (Fig. 1c, d ) was significantly lower in group II than group I. Although the transcripts and translated products of DNMT1 were significantly higher in group III than group II, the transcript level in group III was significantly lower than group I (Fig. 1a, b) . The transcript level of DNMT3b was significantly higher in group II and III rats than in group I (Fig. 1e) . Translated products of DNMT3b were significantly higher in group II rats than in group I (Fig. 1f) .
Although nuclear immunostaining of DNMT1, 3a, and 3b in groups I and II was positive and conspicuous ( Fig. 2) , immunostaining of nuclei for DNMT3b in group II was faint and inconspicuous with diffuse cytoplasmic staining. This posed difficulty in proper counting of nuclei in group III; hence, they were not counted. The percentages of positive nuclear staining were found to be 77, 64, and 70%, respectively, for DNMT1, 3a, and 3b in group I, which decreased to 62 and 38% for DNMT1 and 3a in group II. The values were 75, 56, and 70%, respectively, for DNMT1, 3a, and 3b in group III ( Table 2) .
Expression of MBD4, MeCP2, and Gadd45a
The expression of mRNA and protein of MBD4 was significantly higher in group II and III rats than in group I (Fig. 3a, b) . Although the transcript level of MeCP2 was significantly lower in groups II and III than group I (Fig. 3c) , it was significantly higher in group III in comparison to group II. The level of MeCP2 translated products was significantly higher in group II than in groups I and III. However, there was no significant difference between group I and group III (Fig. 3d) . Transcript and translated protein levels of Gadd45a were significantly higher in group II and III rats in comparison to group I (Fig. 3e, f) .
There was no significant difference in MBD4 and Gadd45a immunostaining patterns among the groups (data not shown). The percentages of positive nuclear staining for MeCP2 were 7, 48 and 14% for groups I, II, and III, respectively ( Fig. 4; Table 2 ).
Expression of PCNA and p53
A significant increase of p53 expression was recorded in group II and III rats in comparison to group I (Fig. 5a,  b) . The expression of PCNA was significantly lower in group II rats than in groups I and III (Fig. 3c, d) .
The percentages of positive nuclear staining for PCNA were 30, 10 and 29% for groups I, II, and III, respectively ( Fig. 4; Table 2 ). A punctate distribution of p53 was noticed in the cytoplasm of liver cells with elevated intensity in group III (Fig. 4) . Data are expressed as the mean ± SD of 5 animals (with % values in parentheses). Group I: control rats (90 days old); group II: rats were treated with PTU for 90 days after birth; group III: rats were treated with PTU for 30 days after birth and thereafter the treatment was withdrawn for 60 days. Data in a row do not differ significantly from each other. 
DNA Damage Assessment
There was no significant difference in results of DNA fragmentation and comet assay among groups I, II, and III ( Fig. 6; Table 3 ).
Discussion
The present study is an extension of our earlier work [4] , where reduced thyroid hormones (T 3 and T 4 ) with elevated TSH levels in the serum of adult male rats were recorded in response to PTU-induced neonatal hypothy- roidism. The hormone titres were restored to control levels on discontinuation of PTU treatment after 1 month of birth [4] . The former condition was referred to as a persistent hypothyroid state while the latter as a transient hypothyroid state. The results of the present study suggest that modulation of expression of genes associated with DNA methylation and genome stabilization in adult rat liver in response to neonatal hypothyroidism can be distinguished into 2 types: genes (DNMT1, DNMT3a, MBD4, MeCP2, and PCNA) whose expression exhibited a trend of subtle recovery on discontinuation of the drug and genes (DNMT3b and p53) whose expression was enduringly altered. Except for MeCP2, changes in the expression of genes by PTU are concordantly reflected by their respective protein expression. Such differential response of genes to PTU-induced hypothyroidism is difficult to explain at present and needs further work. It has been reported that thyroid hormone receptor recruitment to chromatin is linked to chromatin remodelling and commencement of gene transcription [16, 17] . Therefore, epigenetic modifications as a result of alteration in the expression of DNMTs and MBDs due to altered thyroid hormone titres by PTU may lead to hepatic genome instability and dysfunction.
DNMT3a and DNMT3b methylate different subsets of DNA sequences in the genome, as evident by the different phenotypes of mice carrying a knockout of either methyltransferases [18] . Further, demonstration of their abil- ity to convert 5-hmC to C directly has proposed their important role in the regulation of DNA modifications [19] . Therefore, PTU-induced reduction in the ratio of DNMT3a to DNMT3b may disturb dynamics of the methylation pattern of genomic DNA sequences in adulthood. Methyl CpG-binding proteins recognize methylated DNA along with associated co-repressors that lead to silencing of the genes [20] . Alterations in the expression of DNMTs and MBDs by PTU suggest that the drug may affect the expression of various genes both by preventing the binding of transcriptional factors to DNA and/or by altering the binding of MBDs through inactivation of histone deacetylase. It has been noticed that neonatal PTU treatment to rats has resulted in reduced hepatic expression of catalase and C/EBP-β along with alteration in the methylation pattern of the catalase promoter in adulthood [4] . An upregulation of rat hippocampal DNA methyltransferase along with a downregulation of histone acetylase and global acetylated histone H3 and H4 were recorded in response to neonatal PTU treatment [21] .
It is not clear from the present study whether alterations in the expression of hepatic DNMTs and MBDs are the cause or consequence of PTU-induced oxidative stress [4] . It has been reported that oxidative DNA damage produces C → T transition and CG → TT tandem mutation at methylated CpG sequences [22, 23] . MBD4 has a glycosylase domain and repairs damaged DNA by removing thymine from DNA [8] . Therefore, upregulation of MBD4 by PTU may be an adaptation to counter C → T transition and probably facilitates the elimination of CpG:TpG mismatch [8] .
MeCP2 exhibits an array of diverse functions that spans from transcriptional repression/activation, RNA splicing, to chromatin remodelling [24] . It is difficult to explain the physiological significance of an elevated MeCP2-positive hepatic cell population despite a decrease in the total number of hepatocytes by PTU [4] . The elevation of MeCP2 protein by PTU compared to its transcripts suggests a disturbance in regulatory key points of its translation. The increase in hepatic MeCP2 protein along with a decrease in DNMT1 protein may affect the genome-wide and/or specific local DNA methylation pattern [25] . It has been reported that PTU-induced hypothyroidism caused impairment of lipid metabolism in pregnant rats [26] , which might be due to a change in MeCP2 expression. A recent study has shown that MeCP2 has a regulatory role in mouse hepatic lipid metabolism [27] . A significant decrease in hepatic MeCP2 transcripts despite its elevated translated products along with elevated MBD4 (both transcripts and translated products) by PTU strongly suggests that the functions of both the proteins are not gratuitous [28] . It is to mention here that functions of MeCP2 other than nervous system and cancer are least explored. In this report, we demonstrated changes in liver MeCP2 by PTU, an anti-thyroid agent, whose significance is yet to be established. Under a normal physiological state there exists equilibrium among p53, Gadd45a, and PCNA in cells. The p53 regulates the induction of Gadd45a, a nuclear protein that binds to multiple important cellular proteins such as PCNA, p21, and core histone proteins [29] . Overexpression of p53 by PTU may be an adaptation to prevent replication of damaged DNA. p53 is known to arrest cell cycle, preventing replication of damaged DNA by downregulating the expression of DNMTs [30] . Products of several genes that are associated with various p53-dependent cellular functions, including cell cycle arrest, are directly regulated by p53 [31] . Induction of Gadd45a has been detected in several mammalian cells in response to DNA damaging agents [32, 33] . It has been suggested that overexpression of Gadd45a in the liver of adult rats in response to PTU may be an adaptive response to prevent DNA damage. The decrease in PCNA expression by PTU indicates the entrance of hepatocytes to the S phase and may be due to exhaustion of the proliferative capability of liver cells. The results confirmed earlier data on the effects of PTU on the expression of PCNA and other cell cycle proteins in normal and regenerating rat liver [34] . Further, inhibition of the expression of PCNA by a high level of p53 has been noticed [35] . It is difficult to conclude on the mechanism(s) through which PTU resulted in an upregulation of p53 in the liver because p53 functions are tightly regulated at several biochemical processes [36] .
The pronounced alteration in serum transaminase enzymes, impairment of hepatic antioxidant enzymes with elevated oxidants, and changes in mitochondrial respiratory parameters in adult rat liver by PTU [37] [38] [39] , as well as altered expression of catalase and C/EBP-β along with catalase promoter methylation in adult male rat liver by neonatal PTU treatment [4] , are suggestive of impairment of normal hepatic physiology. Normal liver functions are a combined and coordinated reflection of metabolic activities of different cell types [40] . Therefore, the marked changes noticed in the expression of genes by PTU in the present work as well as in earlier work [4, [37] [38] [39] are a pooled gross reflection of changes in the expression of genes of different types of liver cells which finally epitomizes overall liver physiology. Further studies on different hepatic cell types will improve our understanding regarding the mechanism of PTU action.
In conclusion, the results of the present study demonstrate that neonatal exposure to PTU affects hepatic physiology in adulthood by epigenetic alterations in the expression of several proteins involved in DNA methylation, genome stabilization, and cell proliferation.
